Many people with central field loss (CFL) use a single area of the retina with which to fixate. [1] [2] [3] This is known as the preferred retinal locus (PRL) 4 or pseudo-fovea. 5 Patients with juvenile macular degeneration (JMD) usually have a PRL below their scotoma in visual field space, 3 whereas patients with age-related macular degeneration use a PRL either below or to the left of the scotoma in visual field space. 2, 3, 5 The aim of this study was to compare reading performance in the inferior and left visual field spaces to determine which is better for reading.
It might be predicted that reading would be better in the left visual field, because there is a streak of greater retinal cell density running horizontally across the retina. 6, 7 Psychophysically, differential light sensitivity, 8, 9 contrast sensitivity, 10, 11 resolution, 12 and acuity 13, 14 all require greater object sizes in the inferior field than in the left field to achieve the same level of performance.
It has been observed, however, that patients with JMD tend to read faster than those with age-related macular degeneration. 3, 15 One potential reason for this difference is the PRL location used by most members of these groups. Because people with JMD tend to use an inferior field PRL, there may be an advantage to using the inferior visual field for reading. However, these findings could be confounded by factors such as age and differences in the integrity of the remaining retina in these different forms of macular degeneration. To avoid the potentially confounding effects of age and pathology, in this study we examine reading with eccentric fixation in inferior and left visual field using healthy observers.
Previous studies of reading using simulated scotomas in which eye movements are involved suggest that there may be an advantage to using a PRL in the inferior field. For healthy subjects, reading a page of text is faster with a hemifield mask forcing attention to inferior rather than left or right visual field. 16 One reason for the apparent advantage of the inferior field for reading page text may be that although information to the left of fixation affects reading, it is the text that has not yet been fixated that is most important in guiding eye movements. 17 Given this, the ideal position of the PRL for reading page text would be below the scotoma, because none of the current line of text is blocked from view, and the information needed to guide an accurate return sweep eye movement is also available. Another advantage to the inferior field might be that control of eye movements is better when the text is orthogonal to the fixation point (as in the inferior field) rather than radial to the fixation point (as in the left visual field). 18 To determine whether the advantage of inferior field for eccentric fixation is attributable to eye movements, we use the rapid serial visual presentation (RSVP) method 19, 20 with retinally stabilized images. Using this method, words are presented in succession at the same point on a monitor and fixational eye movements are eliminated. Furthermore, because an artificial scotoma is not used, any differences observed are not caused by differences in masking of the text in the left and inferior fields. Under these conditions, if the advantage of the inferior field observed with reading a page of text disappears when the RSVP technique is used, then differences in eye movements or masking of the text by a scotoma may explain the advantage of inferior field over left field when reading a page of text. Conversely, if differences are observed between the parameters for optimum reading in inferior and left visual fields using the RSVP method, then a functional advantage is suggested that is not attributable to differences in eye movements for the two locations.
METHODS
In summary, six visually healthy subjects read sentences presented using RSVP at 5°in the inferior and left visual fields of the right eye. Seven letter sizes were examined and the text was stabilized on the subject's retina.
Apparatus
Subjects viewed the stimuli through a Generation-V dualPurkinje-image eyetracker (SRI International), in combination with an image stabilizer (CX-660; General Scanning Inc.). 21, 22 The image stabilizer has a nominal spatial accuracy of 1 min arc and a temporal delay of 1 to 2 ms, sufficient to produce image fading in stabilization studies.
Stimuli were presented on an Apple ColorSync 17-inch display (16.1-inch viewable display size), positioned 80cm from the optical plane of the image stabilizer. The monitor measured 32.6 cm horizontally by 24.0 cm vertically and displayed 640 ϫ 480 pixels in 8-bit color depth. The screen refresh rate was 67 Hz and an inter-stimulus interval of 15 ms per presentation was accounted for in the results presented here. a A Macintosh Performa 6115 running version 7.6 system software controlled the display. The stimuli were presented and controlled by 'RSVP' software, version 4.03.
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Subjects
Six subjects with a spherical refractive error of less than Ϫ3.00 DS and astigmatism of Ͻ0.75 DC participated in the study. The mean age of the subjects was 25 years with a range of 21 to 29 years. All subjects had visual acuity better than 0.0 log of the minimum angle of resolution (logMAR). Two of the authors (KL and CH) were subjects. Subjects other than the authors were compensated for their time. All subjects read and signed an informed consent before testing. Other than the authors, the subjects had no previous experience of RSVP experiments and were unaware of the question under study.
Stimuli
The stimuli were sentences presented using the RSVP method. Using this method, the sentence is presented sequentially, one word at a time, each in the same location on the monitor. The stimuli were MNRead formatted sentences 25 from an extended corpus of 324 sentences and were presented centered on the middle of the monitor in Helvetica (a variable-pitch, sans-serif font). Each sentence was 9 to 14 words long with a mean length of 11.5 words per sentence and a standard deviation of 1.1 words. The mean word length was 3.86 characters, with a range between 1 and 13 characters per word. Each sentence was preceded and followed by a string of five capital X's presented in the same place on the monitor as the text. These X's served as a forward mask on the first word of the sentence and a backward mask on the last. This was done to equalize the masking conditions across all the words in the sentence. The X's were always presented for 1000 ms, except for the set preceding the first stimulus trial, when they were presented for 6000 ms to allow the subject to adapt to the abrupt change in luminance of the display that occurred when the trial sequence began. The last word of each sentence had a period at its end to indicate that the end of the sentence had been reached. None of the subjects (including KL and CH) had previously seen the sentences and no sentence was shown to any observer more than once. Letter size was measured as the height of a lower case letter with no ascenders or descenders. Seven letter sizes were used, from 0.50°to 2°in 0.1 log steps. Stimuli were presented in reverse polarity with a Weber contrast of about 99% (letters of luminance 63 cdm 
Set-up
The subject sat restrained by a dental impression bite-bar and forehead rest, with the right eye looking through the optics of the eyetracker. The left eye was covered with a black eye patch. The subject was asked to align a fixation dot in the center of the eyetracker's optics with a target positioned at the center of the monitor. The eyetracker was then zeroed to set its null point to the center of the monitor.
To provide stabilized text presented in the periphery, the eyetracker was then aligned in the following way. The subject manually aligned the fixation dot at the null point of the eyetracker's optics with a target presented at a point at 5°eccentricity to the right or above the central position of the monitor (as appropriate). The image stabilizer was then engaged, and the effect of the alignment was to position the fovea at the offset position. When text was then presented in the center of the monitor, it appeared at 5°in the subject's left or inferior visual field and wherever the subject moved their eyes, the text remained in the same position on the retina.
Procedure
After a practice session, sentences were presented in RSVP format at 5°eccentricity in the left and inferior visual fields. Eccentricity was defined as the angular distance between the foveal fixation point and the center of the word at the bottom of the letter. Inferior and left fields were examined in random order.
a In another experiment using the same equipment and similar methods, 23 there was an intermittent 15-ms interstimulus interval because of an occasional synchronization error of the display software and the refresh of the monitor. It was therefore not consistent within or across stimuli. There was no difference in the pattern of the data across conditions when the data were analyzed with and without the additional 15 ms per word in that study. The data presented for this study include the additional 15 ms per stimulus.
Reading with Eccentric Fixation-Petre et al. 35 The subject's task was to repeat the sentence to the examiner. The subject stayed on the bite bar to give the response, but by dropping their lower jaw to speak, this was audible and understandable. The only errors allowed were gender changes (he for she and vice versa), plurals (e.g., stars and star), tense (e.g., is and was, drops and dropped) and dropped determiners (e.g., that, the, this). Added, dropped, or changed adjectives were counted as incorrect. Response options by the examiner were correct, incorrect, or retry (e.g., if the eyetracker lost track during a trial).
A one-up, one-down staircase with unequal step sizes 26, 27 was employed for each letter size with word duration as the dependent variable. A 0.28 ratio of up/down step sizes was used to give an estimate of the word duration giving 78% correct responses. After a correct response, stimulus duration was reduced by one half; after an incorrect response, stimulus duration was multiplied by 1.8 to give the subsequent presentation duration. Stimulus durations were rounded to the nearest frame (15 ms). For each letter size, one set of 18 sentences was shown to the observer. The 1.58°letter size was examined first, with an initial duration of 300 ms/word. The smaller stimulus sizes were then examined at the same sitting in descending order of size, with the starting duration of each staircase taken as the last stimulus duration in the previous run. If the word duration exceeded 3600 ms/word [i.e., a reading rate of Ͻ10 words per minute (wpm)], the staircase continued at the same presentation duration while incorrect responses were made. If a subsequent response was correct, the duration halved and the staircase continued. For analysis of the data the reversal points in words per minute were averaged, excluding the fastest and slowest values at reversal. The mean and standard error of the mean are reported.
At a second sitting, the 2°and 1.58°stimuli were presented. The 2°size was added to ensure that the maximum reading speed had been achieved. The 1.58°data point is shown in the results as the mean value from the first and second sittings. The two values for reading speed with the 1.58°size did not differ significantly in either the inferior (t 5 ϭ Ϫ1.803, p ϭ 0.13; mean difference, Ϫ43 wpm; mean values for first session, 435 Ϯ 110 wpm; for second session, 478 Ϯ 75 wpm) or left (t 5 ϭ 0.74, p ϭ 0.49; mean difference, 42 wpm; mean values for first session, 317 Ϯ 88 wpm; for second session 274 Ϯ 84 wpm) fields.
RESULTS
Results from each observer are shown in Fig. 1 ; closed circles represent the inferior field, and open squares represent the left field. All observers showed the expected pattern in that as character size increases, reading rate increases, until it reaches a plateau at its maximum rate. The data were analyzed using an algorithm 28 that identifies the reading speed plateau by comparing the mean reading speed of a range of character sizes to the maximum reading speed within that range. The range is extended until it contains a reading speed that differs from the maximum by 1.96 SD or more. The largest range not including such values is taken as the range of maximum reading rates. The geometric average of the reading speeds contained within this range is then defined as the maximum reading speed over the range of character sizes tested and is shown by the solid lines in Fig. 1 . The smallest print size included in the maximum reading speed range is the critical print size, or the size below which reading speed falls below the maximum. The critical print size is dependent on the sampling density of character sizes used. Here we used print sizes in 0.1 log steps. A nonparametric bootstrapping procedure determined 95% confidence intervals for the values of maximum reading speed and critical print size. 28 The dotted (inferior field) and dashed (left field) lines in Fig. 1 show the 95% confidence intervals for maximum reading speed.
The maximum reading speed in the inferior visual field is greater than that in the left visual field for all observers. Furthermore, for four of the six observers, the 95% confidence intervals do not overlap (i.e., the minimum value for inferior reading speed is greater than the maximum value for reading speed in the left field). Maximum reading speed in the inferior field is significantly faster than maximum reading speed in the left visual field (t 5 ϭ 6.0; p Ͻ 0.01; mean difference, 186 wpm; mean inferior maximum reading speed, 436 Ϯ 98 wpm; mean left maximum reading speed, 250 Ϯ 34 wpm).
The data are less clear with respect to critical print size. For three of the observers (KL, CH, JM), a larger print size was required to reach maximum reading speed in the left field than in inferior field. For the other three observers (AG, JB, and MC) a larger print size was required in the inferior field than in the left field. Overall, no significant difference in print size required to reach maximum reading speed in inferior or left visual fields was observed (t 5 ϭ 0.26 ns).
DISCUSSION
The results show that when print size is appropriately magnified for peripheral viewing, RSVP reading speed in the inferior field of healthy observers is faster than in the left field. For reading tasks not involving eye movements, there is a functional advantage in eccentrically fixating such that text falls in inferior rather than left visual field. Therefore, the advantage of inferior field observed with reading a page of text 16 is not entirely attributable to differences in eye movements or to portions of text being masked from view by a scotoma.
The reading speed advantage of the inferior field would not be predicted on the basis of the distribution of retinal ganglion cells, 6, 7 because there are fewer ganglion cells at a given eccentricity in superior retina than there are in temporal retina. However, although peripheral visual acuity is dependent on ganglion cell densities, 13, 29 maximum reading speed does not correlate well with acuity. 3, 15, 30 Therefore, it is not so surprising that left visual field does not show an advantage over inferior field in terms of reading speed. One might have expected variations in ganglion cell density to be reflected in the critical print size found for the two meridia examined. The critical print size represents the letter size at which maximum reading speed is reached. Some previous studies 31, 32 have shown that acuity can predict the magnification required to reach maximum reading speed. The critical print size data in this study show no trend for text in inferior visual field to require more magnification than text in the left field.
One obvious difference between inferior and left field presentations is the variation in eccentricity of the words presented in left field compared with those presented in inferior field. Consider a five-letter word of the largest letter size tested (2°) presented at 5°e ccentricity. Text of this size is large enough to support the maximum reading rate at both locations. In the inferior field, the bot- tom of the central letter in the word is at 5°eccentricity and the beginning and end of the word are at an eccentricity of about 7°f rom the fovea. In the left field, the center of the word is also at 5°e ccentricity, but the beginning of the word is at a greater eccentricity (10°) than the end of the word (at the fovea, or 0°). The slower reading speed observed in left visual field might be attributable to the greater eccentricity of part of the word compared with the same word presented in inferior field. It is known that maximum reading speed is slower at greater eccentricities in peripheral visual field 33, 34 ; therefore, the lower maximum reading speed in the left visual field may be related to factors other than acuity that reduce eccentric reading speed.
FIGURE 1.
Reading rate (words per minute) as a function of character size for each observer. Mean reading rates and standard error of the mean are shown for inferior visual field (F) and left visual field (Ⅺ). The solid lines indicate maximum reading speed and the dotted and dashed lines indicate the 95% confidence limits to the maximum reading speed estimate in inferior and left visual field respectively. The x axis point corresponding with the lower limit of the solid line represents the critical print size, or the print size below which reading speed falls from its maximum.
Reading with Eccentric Fixation-Petre et al. 37 Although in left field, the beginning of the word is at a greater eccentricity than that specified, the latter part of the word is closer to the fovea. One might expect that having part of the word close to the fovea would assist the observer, but this is not seen to be the case. However, various studies have shown that it is the beginning of the word, which in left field is farthest from fixation, that is most important for word recognition. [35] [36] [37] [38] [39] If this is the case, we might expect reading in the right field to be faster than that in left field. To address this question, we obtained additional reading rates for the right visual field.
To examine reading in the right field, words had to be presented to the left eye because presentations to the right field of the right eye fell partially within the blind spot. We were unable to use the eye tracker and image stabilizer with the left eye, so subjects maintained voluntary fixation on a central target. Reading in the left and inferior fields were also assessed in the same way for comparison, but with words presented to the right eye. Although the method of fixation control differs from that used in the main study, voluntary fixation has been shown to give similar results to those with stabilized images in this type of task. 23 The method was the same as in the main study in all other respects. Four observers read sentences of print size 2°, large enough to be representative of maximum reading rate. One subject (CH) had also participated in the main study, and achieved similar results for left and inferior fields (main study: inferior field, 678 Ϯ 80 wpm; left field, 293 Ϯ 44 wpm; control study: inferior field, 564 Ϯ 74 wpm; left field, 313 Ϯ 58 wpm). The other three observers were visually normal subjects who had not participated in the main study. In the inferior field, mean reading rate for the four observers was 437 Ϯ 54 wpm, and in left field, the mean was 212 Ϯ 35 wpm. These values are similar to those found in the main study (inferior field, 436 Ϯ 98 wpm; left field, 250 Ϯ 34 wpm). In the right visual field, the mean reading rate was 311 Ϯ 52 wpm. Analysis of variance showed a significant effect of visual field location on reading rate [F(2,9) 5.5, p ϭ 0.03], and post hoc analyses (Scheffé, 5% level) showed that, as before, reading rate in the inferior field was significantly faster than reading rate in left visual field (mean difference, 225 wpm). Reading rate in the inferior field was faster than that in right field by 126 wpm on average, but this difference was not statistically significant. Left and right field reading rates were also not significantly different, although reading rate in the right field was faster than that in the left field by 99 wpm on average.
These data provide some support for the hypothesis that the beginning of the word is more important than the end of the word for recognition, because reading in the right field was slightly faster than in left field. The results can potentially explain some of the difficulties encountered with reading with left visual field, because in this condition, the beginning of the word is farthest from fixation. However, the eccentricity of the beginning of the word cannot explain all the differences observed between inferior and lateral visual fields because inferior field is still the location at which fastest reading rates are achieved.
An advantage of inferior visual field is also seen when reading a page of text in which eye movements are involved. Fine and Rubin 16 found that reading with attention forced to the lower visual field required fewer saccades than when attending to left field. This is partly due to the artificial scotoma blocking some text from view in the left field condition, but it should be noted that saccades were smaller and more numerous when attending to left visual field than to right visual field. A smaller saccade size in left visual field could suggest that the visual span, defined as the area either side of fixation within which characters of a given size can be recognized, 40, 41 is smaller in left field than in the inferior field. Legge has suggested that the visual span may be reduced in size in the periphery. 42 Their computer simulations 43 also show that the size of the visual span may be dependent on whether the PRL is to the left or right of the scotoma, and suggest that PRL location more generally (left, right or below the scotoma) may influence the size of the visual span. A smaller visual span could explain our observation of reduced reading rate in left visual field when eye movements are not involved. If a word is presented that is of greater length than the visual span, then in normal reading, a subsequent fixation would be required to identify the word. Without being able to make such a fixational eye movement, as in this study, in which images were retinally stabilized, the only way to correctly identify the word would be to compare the incomplete information obtained from the single fixation with an internal lexicon. Additional contextual information could be obtained from other words presented as part of the sentence that were smaller than the visual span, which could limit the relevant choices from the lexicon. On some occasions, the resulting 'best guess' would be correct, but on other occasions it would not, and reading speed would be slower than that observed when all words fell within the visual span. The consequence of a smaller visual span would be reduced reading rate, which is what is observed here for the left visual field.
In conclusion, inferior and left visual field are the locations most commonly used as sites for a preferred retinal locus by people with CFL. We show that for normal subjects eccentrically reading with RSVP text, the inferior visual field is the better position for presentation of text, because the maximum reading speed achieved is faster than in left field. When reading with eye movements, reading in inferior field is also faster than in left field, with fewer saccades. 16 Because the advantage of the inferior field is not limited to reading tasks involving eye movements, other factors are at least partly responsible for the higher reading speed supported by inferior field. Our results are likely to underestimate the advantage of inferior visual field for people with a central scotoma. In the presence of a scotoma, text must be justified to the edge of the scotoma, rather than centered, as has been used here. This will make little difference for text in the inferior field, but when presented in lateral field text will be seen at greater eccentricities than in this study and reading rates are likely to be further reduced. 23 Based on these findings with healthy observers, but bearing in mind the difficulties in extrapolating findings to those with low vision, for a person with CFL needing to fixate eccentrically the inferior visual field is recommended as the better PRL location.
